The zona pellucida is an extracellular matrix surrounding growing oocytes, ovulated eggs and the preimplantation embryo. After mediating the relatively species-specific events of fertilization, the zona pellucida provides a post-fertilization block to polyspermy and protects the growing embryo as it passes down the oviduct. The genes that encode the three zona pellucida proteins (ZP1, ZP2, ZP3) have been characterized in mouse and human. The ability to genetically manipulate the zona pellucida genes in mouse models has enhanced our knowledge of zona pellucida structure and function in vivo and may translate into a better understanding of human fertility.
Introduction
The process of human fertilization is a highly orchestrated event that involves the union of a fully mature egg with a conspecific spermatozoon to produce a new individual. The interactions of these specialized cells are carefully regulated to ensure that only a single spermatozoon fertilizes an ovum. One level of regulation is that of spermatozoa interacting with the zona pellucida, an extracellular matrix surrounding growing oocytes, the mature egg, and the preimplantation embryo. At fertilization, capacitated spermatozoa bind to and penetrate the zona pellucida prior to fusion with the egg plasma membrane. Following fertilization, the zona is modified to prevent additional sperm binding, thus providing a major block to polyspermy. The cells of the early embryo divide within the confines of the zona pellucida as the embryo passes down the oviduct. At the late blastocyst stage, the embryo escapes from the zona to implant in the uterine wall.
Although the zona can be by-passed in vitro by microinjecting spermatozoa directly into the egg cytoplasm (Palermo et ai, 1992) , the human zona pellucida normally screens spermatozoa to ensure that only species-specific, motile spermatozoa fertilize the egg. Despite case reports of abnormal zonae pellucidae around eggs retrieved for in-vitro fertilization (IVF), no genetic abnormalities of the zona have been described in humans. The recent characterization of the genes that encode the zona pellucida proteins now provide us with the means to create models of mutations in the zona pellucida matrix and study the resultant effect on fertilization and early embryogenesis. These experimental approaches carried out in mice indicate that the absence of at least one component of the zona pellucida precludes formation of the zona matrix and results in infertility. A corresponding zona defect resulting in human infertility seems likely but remains to be clinically demonstrated.
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This review will concentrate on advances in our knowledge of the molecular genetics of the zona pellucida made in the last decade since the first zona gene was cloned (Ringuette et ai, 1986) . Much of what has been learned about the structure and function of the zona pellucida has been derived from studies in mice. Thus, we will rely on these experimental data to define the structure and function of the zona in fertilization and early embryogenesis and use these as a basis for a discussion of what is known about the human zona pellucida. Finally, we will present genetic approaches available in the mouse that could be used to further evaluate zona pellucida structure and function.
The zona pellucida in the mouse

Formation of the zona pellucida
Within 1-2 days of birth, all mouse oocytes have entered the prophase of the first meiotic division where they remain arrested until just before ovulation. Resting oocytes (12-15 |im) are surrounded by an incomplete squamous layer of epithelial granulosa cells, forming the primordial follicle (Figure 1 ). Groups of follicles enter into a growth phase in which the proliferating granulosa cells become cuboidal and stratify, enveloping the fully grown oocyte (80-85 UJTI) in several layers of cells to form the preantral follicle (120-150 urn). The cells of the innermost layer, the corona radiata, communicate with the oocyte via gap junctions. Later in folliculogenesis, under the influence of gonadotrophins, the granulosa cells continue to proliferate, and a fluid-filled antrum develops in which the oocyte, surrounded by 2-4 layers of granulosa cells (the cumulus cells), is attached by a cellular stalk to the mural granulosa cells of the mature antral follicle (400-600 |im). In response to a luteinizing hormone (LH) surge in mid-oestrus, the gap junctions between oocyte and the corona radiata are disrupted, the cumulus-oocyte complex expands due to release of glycosaminoglycans from the granulosa cells, and the oocyte completes the first meiotic division. This preovulatory stage lasts for 12 h in the mouse and terminates at ovulation (Brambell, 1928) .
The zona pellucida first becomes evident in the early stages of follicular growth as patches of fine filaments between the oocyte and the granulosa cells. These patches coalesce to form the zona matrix, which increases to a thickness of 7 (im in fully grown oocytes (Phillips and Shalgi, 1980) . The zona, which has an outer fenestrated and an inner fine granular appearance, is permeable to macromolecules as large as 170 kDa (Legge, 1991) . In the mouse, this highly organized matrix is composed of three sulphated glycoproteins designated ZPl, ZP2, and ZP3. The exact stoichiometry of the zona proteins in the zona matrix has not been determined, although ZPl appears less abundant than either ZP2 or ZP3 (Bleil and Wassarman, 1980a; Shimizu et al, 1983) . A current model proposes that dimers of ZP2 and ZP3 form long filaments that are cross-linked by ZP1, a disulphide-linked homodimer (Greve and Wassarman, 1985) . It remains to be determined whether the zona matrix is partly assembled within the oocyte and subsequently secreted, or if the final three-dimensional structure is self-assembled extracellularly.
Expression of the zona pellucida genes
The genes that encode the three major mouse zona pellucida proteins, Zpl, Zp2 and Zp3 are each single-copy genes located on chromosomes 19, 7 and 5 respectively (Figure 2) (Lunsford et al., 1990; Epifano et al., 1995a) . The expression of the zona genes is restricted to oocytes. Although ZP2 transcripts are detected in resting oocytes as early as 16 days of gestation (normal mouse gestation is 21 days), ZPl and ZP3 transcripts are not observed until oocytes enter into their 2 week growth phase prior to ovulation. During oocyte growth, the three zona transcripts accumulate coordinately with a ratio of ZP1:ZP2: ZP3 of 1:4:4 and, in 50-60 |xm diameter oocytes, these transcripts represent 1.5% of the total polyA + RNA. The abundance of all three transcripts declines during the latter stages of oogenesis and they are present in ovulated eggs at <5% of their peak levels (Philpott et al, 1987; Liang et al., 1990; Millar et al., 1993; Epifano et al., 1995b) . These data suggest that common regulatory mechanisms may be involved in the coordinate and oocyte-specific expression of the zona genes.
The promoters of the three mouse zona genes contain potential binding sites for a variety of known transcription factors. Some binding sites are present upstream of one gene but not the others, or at significantly different distances from the transcription start sites. An exception is an E box domain (CANNTG), located -200 bp upstream of the transcription start site of each of the three mouse and human zona genes (Millar et al., 1991; Epifano et al, 1995a) . In mice, this E box binds a heterodimer of basic helix-loop-helix (bHLH) transcription factors composed of the ubiquitous E12 protein (73 kDa) and a novel, gonad-specific, bHLH transcription factor, zona activating protein (ZAP)-l, with calculated molecular mass of 21 kDa (Millar et al, 1993; Li-fang Liang, 890 personal communication) . Although additional factors must be important for the coordinate, oocyte-specific expression of the zona pellucida genes, mutations in the E box domain dramatically affect zona gene expression in vitro (Millar et al, 1991; Liang and Dean, 1993) .
The short 5' and 3' untranslated regions (16-57 nt) of the zona transcripts may preclude the translational regulation observed with some oocyte-specific mRNAs (Huarte et al, 1987) and account for the correlation of de-novo zona protein biosynthesis with the abundance of zona mRNA. Each zona protein has a signal peptide (21-34 amino acids) that directs it into a secretory pathway and each is post-translationally modified by glycosylation, sulphation and site-specific proteolysis. Thus, the polypeptide chains of ZPl (653 amino acids, 70 kDa), ZP2 (713 amino acids, 80 kDa) and ZP3 (424 amino acids, 46 kDa) are secreted as mature sulphated glycoproteins with apparent molecular masses of 185-200 kDa, 120-140 kDa, and 83 kDa respectively (Bleil and Wassarman, 1980a; Shimizu et al, 1983) .
Biological roles of the zona proteins
Although the zona is critical for preimplantation development, it is best known for its ability to mediate the relatively speciesspecific events at fertilization. After ejaculation into the female reproductive tract, spermatozoa undergo capacitation, a poorly understood maturation process, before approaching the ovulated egg in the oviduct (Chang, 1951; Austin, 1951) . Motile spermatozoa pass through the enveloping cumulus oophorus, composed of a glycosaminoglycan matrix and cumulus cells, before binding to the zona pellucida (Hartmann et al, 1972; Saling et al, 1979) . In mice, this binding initiates a signal resulting in acrosomal exocytosis and the subsequent release of lytic enzymes (acrosin, hyaluronidase, glycosidases, etc.). Despite the reported role of acrosin in zona penetration, genetically-altered mice lacking acrosin have normal fertility in vivo (Baba et al, 1994) . Thus, the passage of spermatozoa through the zona pellucida may rely more on sperm motility than proteolysis of the zona matrix. Subsequent fusion of the spermatozoa with the egg plasma membrane triggers the exocytosis of the egg cortical granules that modify the zona pellucida to preclude further penetration or binding of additional spermatozoa (Austin and Braden, 1956; Inoue and Wolf, 1975) .
Solubilized zonae pellucidae from unfertilized mouse eggs (but not from two-cell embryos) can inhibit sperm binding to ovulated eggs and induce the sperm acrosome reaction in vitro (Bleil and Wassarman, 1980b; Bleil and Wassarman, 1983) . The initial sperm binding activity has been ascribed to a class of O-linked oligosaccharides on ZP3 that terminate with an <xl,3 linked galactose residue (Florman and Wassarman, 1985; . However, this model of ZP3 bioactivity is complicated by the continued fertility of mice lacking ocl,3-linked terminal galactose residues (Thall et al, 1995) , suggesting that other structural motifs may be important mediators of sperm-oocyte interactions in vivo. The acrosomeinducing activity of ZP3 has also been mapped to 0-1 inked oligosaccharides located in the carboxyl-third of ZP3 (Litscher and Wassarman, 1996) and this biological activity is dependent +/+ follicle. Note the absence of the nuclear membrane (germinal vesicle breakdown, GVBD), the acellular region between the intact zona pellucida and the cells of the concentrically expanded corona radiata which appear tethered to the zona matrix by cellular processes. (D) Pre-ovulatory follicle in Zp3~*~ mice that contains a GVBD oocyte lacking a zona pellucida in which the cells of the corona radiata are so disordered that the oocyte is separate from the granulosa cells. The remaining follicular architecture appears normal. In (A) and (B), scale bar = 40 |im; in (C) and (D), scale bar = 100 |J.m (modified from Rankin etal, 1996) . The sizes of the 12 mouse and human exons are nearly identical except for 3 and 12, both of which are larger in the mouse. The two genes span 6.5 and 11 kbp, respectively (Harris et al, 1994; Epifano et al, 1995) . Mouse Zp2 (18 exons) and human ZP2 (19 exons) span 12.1 and 13 kbp of genomic DNA respectively (Liang et al, 1990; Liang and Dean, 1993) . Mouse Zp3 (8.6 kbp) and human ZP3 (18.3 kbp) genes have 8 exons of similar sizes but have introns that vary considerably (Kinloch et al, 1988; Chamberlin and Dean, 1989; Chamberlin and Dean, 1990 ).
on an intact polypeptide linkage (Florman et ai, 1984) . These data imply that aggregation of the sperm adhesion molecule(s) is important for the acrosome-inducing ability of ZP3 (Leyton and Saling, 1989a) . ZP2 has been implicated as a secondary sperm receptor that binds sperm only after the induction of the acrosome reaction (Bleil et ai, 1988) . Both ZP2 and ZP3 are biochemically modified following fertilization, resulting in a reduced affinity for sperm binding to the zona pellucida and thereby providing a major block to polyspermy (Bleil and Wassarman, 1980b; Bleil et ai, 1981) . ZP1, a homodimer in mice, has been proposed to cross-link filaments composed of dimers of ZP2/ZP3 (Greve and Wassarman, 1985) . However, in other species (rabbits, pigs) there are data to suggest that ZP1 homologues play a role in sperm binding (Sacco et ai, 1989; Yonezawa, 1995; Prasad et ai, 1996) . The identification of the sperm surface macromolecules that interact with the zona pellucida remains controversial (for review see Snell and White, 1996) . In mouse, but not in all mammals, only acrosome-intact spermatozoa bind in vitro to the zona pellucida (Saling et ai, 1979) . Three current candidates for mediating the initial binding of mouse spermatozoa to the zona pellucida are pi,4-galactosyltransferase (Miller et ai, 1992) , 95 kDa tyrosine kinase receptor (Leyton and Saling, 1989b) , and sp56 (Bleil and Wassarman, 1990) . While considerable data obtained in vitro support the candidacy of each, the importance of substantiating their role in vivo has become increasingly apparent. Male mice genetically altered to lack pi,4-galactosyltransferase remain fertile, albeit siring smaller litters 1 day later than control mice (B. Shur, personal communication). The in-vivo roles of the other two candidates will become more apparent when their functions are similarly assessed in genetically-altered mice. Although continued in-vivo fertility in the absence of a candidate protein indicates it is not essential for fertilization, it may be that fertilization is sufficiently critical to the survival of a species that more than one mechanism, involving different sperm surface molecules, exists to ensure proper sperm-oocyte interactions.
The zona pellucida in humans
The ovarian histology described above for mice applies in general to humans. The human zona first appears around growing oocytes in follicles with a single layer of cuboidal or columnar follicular cells. Although anywhere from 5-20 follicles are stimulated to begin a growth phase in each human menstrual cycle, only one dominant follicle enters the preovulatory stage of folliculogenesis. At this point, the oocyte has attained its full size of 125-150 (Am and is surrounded by a 15-18 |im thick zona pellucida. In humans the preovulatory phase lasts 37 h and ends with the ovulation of, usually, a single ovum (Baca and Zamboni, 1967; Espey and Ben Halim, 1990) .
As in all eutherian mammals examined, the human zona is comprised of three glycoproteins (Sacco et ai, 1981; Shabanowitz and O'Rand, 198&) . The human ZP1, ZP2 and ZP3 genes are conserved with respect to mouse Zpl, Zp2, and Zp3 and encode polypeptides of 540, 715 and 424 amino acids respectively (Chamberlin and Dean, 1990; Liang et ai, 1990; 892 Harris et ai, 1994) . The human ZP1, ZP2 and ZP3 proteins, deduced from full-length cDNAs, are 42, 60 and 67% identical to their mouse homologues. However, the mature human proteins, incorporated into the zona matrix, are significantly smaller, with apparent molecular masses of 90-110 kDa for ZP1, 64-78 kDa for ZP2 and 57-73 kDa for ZP3 (Shabanowitz and O'Rand, 1988) . The differences between the human and mouse proteins in apparent molecular weights most likely reflect differences in post-translational modifications. One can speculate that the identical residues between the two species are important in overall zona structure, and that the functional domains lie either in non-conserved peptide stretches, or in the carbohydrate moieties that would differ between the two species. It is of interest that ZP1, a protein speculated to play simply a structural role in the mouse zona matrix is least conserved between the two species; whereas ZP3, the putative species-specific, sperm binding protein is the most conserved. As noted, the functional role in fertilization of each zona protein deduced from in-vitro assays awaits confirmation in vivo using genetically-altered mice.
Little has been experimentally determined about the biological roles of individual human zona proteins in vivo. Given the degree of conservation, it seems likely that each human zona protein will function as the murine homologue. However, determining the correspondence of native human zona proteins to their respective genes is complicated by a nomenclature based on electrophoretic mobility (ZP3 migrates faster than ZP2, which migrates faster than ZP1). The molecular weight of human ZP3 (57-73 kDa) has been confirmed with monoclonal antibodies specific to a peptide predicted by the human ZP3 gene (P.Castle, personal communication). The observations that human ZP1 and mouse ZP2 proteins are proteolytically modified after fertilization and that human ZP2 and mouse ZP1 proteins appear to form homodimers (Bleil et ai, 1981; Ducibella et ai, 1995) suggest that human ZP1 and ZP2 are orthologues of mouse ZP2 and ZP1 respectively. The expression of recombinant proteins and the development of speciesspecific immunological reagents should resolve these issues of protein-gene correspondence in the near future.
Genetic perturbations of the zona pellucida
Despite reports of abnormal zonae in failed fertilization, to date no spontaneous genetic defects of the zona pellucida have been described in any mammalian species. In the mouse, we now have the molecular tools available to make it possible to create specific mutations in the zona genes and assess the effects of these mutations on oocyte maturation and female fertility. The single-copy mouse zona pellucida genes can be disrupted by targeted mutagenesis in embryonic stem (ES) cells. After microinjection of successfully-targeted ES cells into blastocysts and transfer to pseudopregnant females, chimeric mice can be bred for germline transmission from which homozygous, null mutant mice can be obtained. In this manner Zp3 has been disrupted in ES cells and mutant mouse lines have been established (Liu et ai, 1996; Rankin et ai, 1996) . Heterozygote males and females, as well as homozygous null males, have normal fertility. However, female mice homozygous for Zp3 null mutations (ZpJ"') never become visibly pregnant and produce no live offspring.
Female mice lacking ZP3 have no zona pellucida surrounding their oocytes, and the innermost granulosa cells that form the corona radiata are disorganized compared with normal mice (Figure 3) . Nevertheless, the zona-free oocytes grow in size, they remain in meiotic arrest, and the remainder of the follicular architecture appears normal. The expression of Zpl and Zp2 genes is unaffected, and both ZP1 and ZP2 (but not ZP3) proteins are detected at the surface of the zona-free oocytes. When stimulated to enter the pre-ovulatory phase of folliculogenesis, the cumulus-oocyte complex becomes markedly disorganized. In normal animals, the cumuli oophori surrounding the oocyte are well structured with granulosa cells radiating out from a central oocyte ( Figure 3C ). In contrast, the cumuli oophori from Zp3~l~ mice are poorly organized, with granulosa cells randomly located in the cumulus. While the severity of this effect varies, in the extreme the cumulus oophorus is entirely separate from the zona-free oocyte ( Figure 3D ).
Thus, oocytes lacking a zona pellucida matrix develop during folliculogenesis, but do not form a proper cumulusoocyte complex. In the latter stages of folliculogenesis, zonafree eggs are free to dissociate from the cumulus mass. Although the null female mice ovulate and cumulus masses are detected in the oviduct, few (< 10% of normal) zona-free eggs are recovered. After mating with males proven to be fertile, no zona-free, 2-cell embryos are recovered from Zp3^f emales. This phenotype is similar to that observed in invitro transfer studies. When 1-4 cell, zona-free embryos are surgically transferred to oviducts, no live births are observed and no embryos are recovered from oviducts flushed >2 h after transfer. Histological examination reveals adherence of the zona-free embryos to the epithelium of the oviduct within several hours of transfer. No cleavage occurs in the immobilized embryos and all embryos disappear within 24 h of transfer (Bronson and McLaren, 1970; Modlinski, 1970) . The infertile phenotype of the Zp3~'~ female mice may reflect a similar adherence of the zona-free egg to the oviductal epithelium, and therefore, zona-free Zp3~l~ eggs, even if fertilized, would not cleave or pass down the oviduct.
Clinical implications
This striking phenotype has not been reported in other mammals, not even humans who seek medical attention for infertility and whose therapy may include the retrieval of eggs. Since the first IVF resulting in a live human birth (Steptoe and Edwards, 1978) , eggs from hundreds of thousands of women have been retrieved. As yet, none have been reported to totally lack a zona pellucida. Thus, it must be a relatively rare cause of infertility in humans, even though the murine phenotype demonstrates that a genetic defect in a zona gene results in the absence of a zona pellucida and infertility. However, the lack of a zona pellucida could render human oocytes too fragile to be successfully retrieved by current techniques and hence examination of women from whom oocyte retrieval is unsuccessful might reveal a ZP3~'~ genotype.
In addition to preventing expression of individual mouse zona genes, available transgenic techniques also allow the expression of heterologous zona proteins in vivo (Kinloch et al., 1992) . However, because these transgenes insert randomly into the mouse genome, zona function must be evaluated on the background of the endogenous mouse zona protein. Theoretically, the Zp3 null animals now provide the means to express homologous transgenes and create chimeric, mouse-human zona pellucida free of endogenous mouse ZP3 protein. Such mice would be useful in evaluating zona functions in vivo. A human ZP3 transgene has been used to derive mouse lines that express human ZP3 in growing oocytes and incorporate the human ZP3 protein into the extracellular zona matrix (Z-B. Tong and P. Castle, personal communication). Using the human ZP3 transgenic and the mouse Zp3 null animals in simple breeding strategies, it may be possible to obtain females expressing mouse ZP1, mouse ZP2 and human ZP3. One can further envision disrupting the Zpl and Zp2 mouse genes and replacing each with the orthologous human transgene. Providing that the post-translational processing of the human zona proteins is similar in the mouse oocyte to the human oocyte, we may be able to develop an animal model for investigating and evaluating normal and abnormal human sperm-zona interaction. The utilization of genetic approaches to the structure and function of the zona pellucida will allow rapid progress in this area of reproductive biology research. Hopefully, this progress can rapidly translate into new treatments for human infertility.
